Caspases are cysteine-aspartic proteases involved in the regulation of programmed cell death (apoptosis) and a number of other biological processes. Despite overall similarities in structure and active-site composition, caspases show striking selectivity for particular protein substrates. Exosites are emerging as one of the mechanisms by which caspases can recruit, engage, and orient these substrates for proper hydrolysis. Following computational analyses and database searches for candidate exosites, we utilized site-directed mutagenesis to identify a new exosite in caspase-6 at the hinge between the disordered N-terminal domain (NTD), residues 23-45, and core of the caspase-6 structure. We observed that substitutions of the tri-arginine patch Arg-42-Arg-44 or the R44K cancer-associated mutation in caspase-6 markedly alter its rates of protein substrate hydrolysis. Notably, turnover of protein substrates but not of short peptide substrates was affected by these exosite alterations, underscoring the importance of this region for protein substrate recruitment. Hydrogen-deuterium exchange MS-mediated interrogation of the intrinsic dynamics of these enzymes suggested the presence of a substrate-binding platform encompassed by the NTD and the 240's region (containing residues 236 -246), which serves as a general exosite for caspase-6specific substrate recruitment. In summary, we have identified an exosite on caspase-6 that is critical for protein substrate recognition and turnover and therefore highly relevant for diseases such as cancer in which caspase-6 -mediated apoptosis is often disrupted, and in neurodegeneration in which caspase-6 plays a central role.
Caspases are a class of cysteine-aspartic proteases intertwined in the regulation of programmed cell death, or apoptosis. Apoptosis is an essential homeostatic pathway mediating morphogenesis, development, and organismal protection against damaged or dangerous cells (for review, see Elmore (1) ). Misregulation of apoptosis has been implicated in the progression of numerous multifactorial diseases, including cancer (low apoptotic activity) (2) (3) (4) (5) or neurodegenerative disorders like Alzheimer's, Huntington's, and Parkinson's diseases during instances of heightened cell death (6 -9) . Briefly, caspases are divided into inflammatory (caspase-1, -4, and -5) or apoptotic classes. The apoptotic caspases are further classified as the initiator caspases (-2, -8, -9, and -10) or executioner caspases (-3, -6, and -7). Caspases are synthesized and stored in their latentstate as inactive zymogen forms or procaspases. During apoptosis, either extrinsic or intrinsic signals activate the zymogens procaspase-8 or -9. Once activated, the initiator caspases cleave the downstream zymogen-state executioners at their inter-subunit linkers, leading to mature enzymes capable of substrate hydrolysis. Upon activation, the dimeric executioners recruit and process key substrates involved in cellular homeostasis, gene transcription, and cellular structure. Cleavage of these key substrates ushers the cell to a point of no return proceeding to apoptotic cell death (10) . Because of the involvement of apoptosis in disease progression, caspases have been a target for therapeutic intervention. However, the high degree of similarity of both the overall fold and the active-site geometry (Fig. 1A) of these enzymes has hindered the development of effective yet selective modulators. Therefore, understanding of the unique dynamics and structural nuances of the dozen various human caspases is essential for exogenous control over apoptosis and its involvement in various disease states.
Numerous efforts have been made through the better part of the last two decades to understand how and why the 12 human caspases recognize their individual substrates. These studies have begun to reveal the nuanced nature of the caspases, providing new layers of unique regulation that are subject to selective modification of these enzymes. Additionally, the identification of caspase substrates has grown immensely (11) (12) (13) (14) . It has become evident that the apoptotic caspases share some substrates, but each caspase cleaves its own unique set of substrates (15, 16) . In fact, each caspase performs nonredundant functions and recognizes these substrates with different affinities, occasionally in different positions, altering the downstream effects (17) (18) (19) . These biological differences cannot be fully explained based solely on the specificity of each caspase for peptide substrates; thus, it became evident that there are other features in the caspase structure that influence its substrate specificity outside of the active site. An exosite, broadly defined, is a site distal from the substrate-binding groove of a protein that influences structure or function. The identification of the first exosites in caspases (Jabaiah et al. (20) and Boucher et al. (22) ) has suggested that individual caspases might utilize their vastly different surface topologies ( Fig. 1B) to help recruit particular protein substrates, thus tuning the overall specificity profile of these enzymes. For instance, caspase-7 utilizes an exosite in the N-terminal domain (NTD), 5 a disordered region that lies just after the prodomain, which is proteolytically removed during activation. The patch of caspase-7 consists of a highly positive tetra-lysine 38 KKKK 41 stretch, which helps to recruit protein substrates PARP-1 and p23 (21, 22) . This exosite enables caspase-7 to cleave these substrates 30-fold more efficiently than caspase-3, despite the fact these two enzymes share the same overall specificity for peptide substrates (23, 24) . This difference is even more striking because caspase-3 is the most catalytically active member of the family and cleaves PARP-1 and p23 at the same positions. Moreover, changing the NTD of caspase-3 to that of caspase-7 resulted in more effective protein substrate turnover of PARP-1 by caspase-3, underscoring the idea that exosites play a role in caspase substrate recognition.
Although exosites are not a novel entity in the world of protease regulation, they are a new and exciting layer of caspase function, providing a wealth of untapped differences between these enzymes that may be utilized for exogenous therapeutic control. Exosite modulation for activity tuning of proteases has already begun to be utilized in cases where active-site inhibition was not capable of providing desired clinical outcomes. For example, cathepsin K (CatK) is a target for treatment of osteoporosis (25) . One active-site CatK inhibitor, Odanacatib, was considered a promising, highly potent, and selective molecule (26, 27) , but it showed increased risk of stroke and mortality in long-term studies and was subsequently halted in phase III clinical trials (28) . It was hypothesized that fully inhibiting the active site of CatK would result in deleterious effects because its function in other pathways that require its proteolytic activity would be blocked. This has been circumvented by utilizing an exosite inhibitor of CatK, DHT1, which can block the collagenase activity of CatK with similar efficacy to Odanacatib, while leaving the active site free to cleave other substrates like TGF-1␤ (29) . Therefore, utilizing exosites has allowed development of protease inhibitors that prevent unwanted off-target effects by tailoring enzymatic activity through exosite engagement.
The identification of an exosite on caspase-7 suggested that exosites on other caspases might also exist. We had previously shown, using an evolved caspase-6/-7 hybrid, that certain caspase-6 substrates, such as lamin A/C, appeared to require an exosite for recognition (38) . Caspase-6 is unique among the family of apoptotic caspases for its structural transitions and its roles in neurodegeneration. Specifically, caspase-6 can interconvert between an inactive helical state and the canonicallyactive strand state (30) . Functionally, in the context of neurodegeneration, caspase-6 cleaves amyloid precursor protein (31) , Tau (32), Huntingtin protein (33), as well as Parkinson's disease protein 7 (PARK7 or DJ-1) (34, 35) . Recently, the inhibition of caspase-6 in an Alzheimer's mouse model led to clinical improvements in memory deficits (36) . Thus, the discovery of exosites might provide alternatives for the selective inhibi- The overall caspase fold is largely conserved across the family with minimal divergent structural differences concentrated largely to the mobile loops. A, surface topology of caspase-6 (blue, PDB code 3OD5 (80)) and caspase-7 (green, PDB code 1F1J (87)). B, calculated electrostatics highlight key differences in positive (blue) and negative (red) regions distal from the active site. Unique surface characteristics may tune caspase substrate recognition.
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tion of only caspase-6. Here, we describe the discovery of an evolutionarily conserved tri-arginine patch, 42 RRR 44 , located within the disordered NTD of caspase-6 that serves as an exosite involved in the recruitment of protein substrates. Importantly, removal of this site does not hinder the intrinsic catalytic capability of the enzyme. We also investigate the effects of a previously annotated cancer mutation R44K (37) that resides within this exosite patch and find that this seemingly silent variant has similar deleterious effects on the ability of caspase-6 to recruit protein substrates. Furthermore, we investigate the changes in dynamics that alterations within this exosite have on the caspase-6 protein and find that these changes unhinge a putative protein-binding interface. This work ultimately provides new perspectives into how caspase-6 can bind, recruit, and hydrolyze protein substrates and uncovers a scaffold that may be utilized for the selective modulation of caspase-6.
Results

Evolutionary conservation analysis identified putative caspase-6 exosite
Exosites, which are functional sites distal from the catalytic site, have been shown to play a significant role in the function of caspase-6 and -7 (21, 22, 38, 39) . Based on the observation that caspase-3 and -7, which show virtually identical substrate specificity for peptide substrates, utilize an exosite to distinguish native protein substrates (22) , we hypothesized that other caspases also utilize exosites to differentiate substrate pools. In particular, unique patches of solvent-exposed hydrophobic and charged residues are likely candidates for guiding substrate interactions as exosites on caspase-6. Using CaspBase (40) , which contains 2879 hand-curated caspase sequences covering a wide range of phyla, classes, and taxa, caspase orthologues were aligned to the relevant human caspase (e.g. casp-3, -4, -5, etc.) using ClustalOmega (41) and then analyzed for evolutionary conservation between sequences for an individual caspase homologue with ConSurf (Fig. 2 , A and C) (42) (43) (44) (45) (46) . We identified a conserved tri-arginine patch in caspase-6, 42 RRR 44 , which is similar in charge and location to the identified exosite in caspase-7 38 KKKK 41 . Two of the arginine residues, Arg-43 and Arg-44, are largely conserved within caspase-6 orthologues but not conserved across the caspase family (Fig. 2, B and D) , suggesting that this site may play an important role in caspase-6 function.
Distal amino acids are predicted to be important for enzymatic function
The computational method Partial Order Optimum Likelihood (POOL) (47, 48) relies on the evaluation of theoretical titration curves of the ionizable residues as well as analysis of surface topology and phylogenetic tree information in known protein structures. For this analysis, we used a version of POOL composed of only the THEMATICS and ConCavity algo- (40), aligned by Clustal Omega, and colored to depict the degree of conservation calculated by ConSurf (42) (43) (44) (45) (46) across all caspase homologues and species. Conservation ranges from least conserved (blue) to most conserved (magenta). Arg-44 is conserved within the 205 caspase-6 sequences from a wide collection of phyla, classes, and taxa. B, sequence conservation across the 12 human caspases analyzed by ConSurf mapped onto the human caspase-6 sequence. The tri-arginine patch is not conserved across human caspases. C, conservation results of 205 caspase-6 sequences aligned and analyzed as in A and mapped onto the human caspase-6 structure. D, conservation of residues across the 12 human caspases analyzed as in B and mapped onto the human caspase-6 structure. Caspase-6 PDB code is 3OD5. ‡ denotes the caspase-7 exosite; * denotes the 42 RRR 44 patch in caspase-6.
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rithms. This approach has been useful in identifying important functional regions in proteins (49 -51) . We applied POOL to a wide dataset of reported human caspase-6 structures in the PDB, in both the helical or strand conformations ( Fig. 3 ). This method allowed us to corroborate reported structural and functional features of caspase-6, as well as to identify new sites that are most likely functional in either the helical or strand conformation or both. Notably, clustering of the predicted amino acid residues is consistent with known biological features of caspase-6. First, caspase-6 can transition between the inactive helical and active strand conformations; the region essential for this dynamic interconversion is in the 130's helix (30, 52) . POOL accurately predicted that the 130's region is important only in the helical conformation but not in the strand conformation. Second, POOL accurately identifies both members of the active-site dyad, His-121 and Cys-163, regardless of the activation state of the enzyme and can differentiate the inactive structures (4IYR and 3NR2), in which the catalytic res-idues have been replaced (H121A and C163A), from the active structures. Third, many active-site residues are not predicted in the naturally inactive helical state. Together these findings suggest that POOL robustly identifies functionally relevant sites.
In addition to known functional sites, four new residues distal from the active site were also predicted to be functionally important: Arg-44, Cys-113, Cys-116, and Lys-156. These residues are only predicted to be important in structures in the strand or the substrate binding competent conformation of caspase-6, potentially suggesting that these distal residues could be functionally important. For multiple other proteins, POOL predictions of important distal residues have been verified experimentally by site-directed mutagenesis and kinetics assays. Notably, one of the predicted distal residues for caspase-6, Arg-44, was also identified through conservation analysis (Fig. 3 ), and thus it became a focus in our investigation.
Catalytic parameters of exosite replacements are maintained for peptide substrates but altered for protein substrates
To investigate the functional role of the 42 RRR 44 patch, these residues were replaced by alanine (R42A/R43A/R44A, named R42-44A). R44K, which was previously identified as a caspase-6 mutation observed in colorectal carcinomas (37) , was also investigated. When expressed from the full-length caspase-6 gene, R42-44A was unable to fully hydrolyze itself to the mature form, whereas WT caspase-6 was fully hydrolyzed under the same conditions ( Fig. S1 ), suggesting that 42 RRR 44 is critical for caspase-6 self-activation. To accurately assess the catalytic function of the R42-44A variant, a constitutive two-chain (CT) construct was generated that expresses the caspase-6 large and small subunits independently (⌬N D179CT) (52) . We first assayed the activity of the caspase-6 CT variants with a small fluorogenic tetrapeptide substrate. In these studies, we expected that substitution of substrate-binding exosites would maintain the same catalytic efficiency as WT caspase-6 as the inherent small size of the fluorogenic tetrapeptides are unable to engage the exosite residues. At the same time, we expected a loss in activity of the caspase-6 variants in an exosite against protein substrates due to their decreased ability to facilitate formation of the enzyme-substrate complex.
The fluorogenic peptide substrate Ac-VEID-amc was cleaved by WT caspase-6, R42-44A, and R44K variants with nearly superimposable kinetics curves (Fig. 4A ). The catalytic efficiencies of R42-44A and R44K were also nearly identical to that of WT caspase-6 for Ac-VEID-amc ( Fig. 4B ), indicating that these substitutions did not negatively impact the function or geometry of the catalytic dyad. In contrast, when tested against full-length (FL) caspase-6 C163S, which is catalytically inactive and incapable of undergoing self-proteolysis, as a substrate, the R42-44A and R44K variants showed obvious cleavage defects. Although WT caspase-6 rapidly hydrolyzed C163S FL substrate, the R42-44A variant showed markedly decreased hydrolysis of the zymogen, with a relative 3.6-fold change (Fig.  4 , C and D, and Table S1 ). Even the conservative R44K variant showed a decreased rate of processing, at a relative 1.8-fold change (Fig. 4 , C and D, and Table S1 ), suggesting that the 42 RRR 44 patch is important for recognizing a second molecule of caspase-6. To determine whether the 42 RRR 44 patch is play- 
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ing a role in recruitment of other substrates, the caspase-6 exosite variants R42-44A and R44K were tested for their ability to hydrolyze the canonical caspase-6 substrate lamin C. Caspase-6 has a long connection to lamin C as a substrate. Caspase-6 was identified initially as being a human laminase, and the canonical tetrapeptide substrate used to characterize caspase-6 function, Ac-VEID-amc, is derived from the caspase-6 cleavage site in lamin A/C (Asp-230) (53) . In addition, it has been suggested that caspase-6 may utilize an exosite for the recognition of lamin A/C as they are only cleaved by caspase-6 and not by other caspases (54) . The rate of hydrolysis of lamin C was quantified by assessing the disappearance of the full-length lamin C, 66 kDa, to the 38-and 28-kDa lamin C fragments as a function of caspase-6 concentration ( Fig. 4 , E-G) and fitting to a single-phase decay (Fig. 4H ). WT caspase-6 hydrolyzed lamin C more rapidly (95 Ϯ 15 M Ϫ1 s Ϫ1 ) than R42-44A (28 Ϯ 6.1 M Ϫ1 s Ϫ1 ; Fig. 4 , F and H) or R44K (41 Ϯ 15 M Ϫ1 s Ϫ1 ; Fig. 4 , G and H). These 3.3and 2.3-fold decreases in the hydrolysis rates of lamin C by the R42-44A and R44K variants suggest that the 42 RRR 44 exosite patch may impact recognition of key caspase-6 substrates.
Removal of tri-arginine patch significantly decreases hydrolysis of key protein substrates
The 42 RRR 44 exosite patch on caspase-6 clearly engages both procaspase-6 and lamin A/C and facilitates their cleavage by caspase-6. The 38 KKKK 41 exosite in caspase-7 engages both PARP and p23 substrates (21, 22) , and it is possible that additional substrates that engage the site may soon be discovered. To distinguish whether the 42 RRR 44 exosite is used for many substrates or only certain substrates, we analyzed hydrolysis in whole-cell lysates isolated from SK-N-AS neuroblastoma cells. Cell lysates were incubated with 100 nM caspase-6 or the respective variants. Rates of cleavage of PARP, lamin A/C, and DJ-1 (PARK7) were analyzed. PARP was chosen for its role in DNA repair and modulating gene transcription and its known interaction with the similarly charged exosite of caspase-7. The rate of PARP hydrolysis was affected by both the removal of the exosite R42-44A, a relative 2.4-fold change, and the presence of the cancer mutation R44K, a relative 2.3-fold change, compared to the WT caspase-6 ( Fig. 5 , A and D, and Table S1 ). Similar to PARP, the rate of the A-type lamin cleavage was statistically lower (relative 1.3-fold) for both the R42-44A and 
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R44K variants than for WT caspase-6 ( Fig. 5, B and E, and Table  S1 ). DJ-1 or Parkinson's Disease Protein 7 (PARK7) has been identified as a substrate of caspase-6. Cleavage results in an N-terminal fragment being ushered into the nucleus, increas-ing susceptibility to reactive oxygen species and apoptosis. The Parkinson's disease mutation D149A, which appears at the caspase-6 cleavage site, suggests that cleavage of DJ-1 may play a role in protecting the cell from the Parkinson's disease phenotype (34, 35) . Similar to other substrates, the cleavage of DJ-1 by WT caspase-6 was also significantly faster than the exosite knockout counterparts, R42-44A (relative 2.3-fold) and R44K (relative 1.5-fold) ( Fig. 5 , C and F, and Table S1 ).
Segment polarity protein disheveled homolog DVL-3 (DVL3) was identified as being one of the substrates cleaved most quickly by caspase-6, at a rate of 2.2 ϫ 10 5 M Ϫ1 s Ϫ1 (15) . Once hyper-phosphorylated, DVL3 accumulates in the nucleus, where it alters the WnT pathway signal transduction and transcription. We performed DVL3 hydrolysis assays using WT caspase-6 and exosite variants. The rate of DVL3 hydrolysis by WT caspase-6 ( Fig. 6A ) was 3.8 ϫ 10 4 Ϯ 3.8 ϫ 10 3 M Ϫ1 s Ϫ1 (Fig. 6D ), a similar rate to the previous proteomic study (15) . The R42-44A variant cleaved DVL3 5-fold more slowly (8.3 ϫ 10 3 Ϯ 2.7 ϫ 10 3 M Ϫ1 s Ϫ1 ) than WT caspase-6 ( Fig. 6, B and D) . Finally, the cancer mutation R44K cleaved DVL3 2-fold more slowly (1.7 ϫ 10 4 Ϯ 6.7 ϫ 10 3 M Ϫ1 s Ϫ1 ) ( Fig. 6 , C and D). Consistent with all substrates tested, the disruption of this exosite negatively impacts the ability of caspase-6 to proteolyze this protein substrate. Together these data suggest that the location of the 42 RRR 44 patch at the hinge of the NTD is participating in a global exosite for caspase-6 recognition of substrates.
RRR 44 exosite patch influences caspase-6 dynamics
It is clear the 42 RRR 44 patch plays a role in caspase-6 recognition of protein substrates, but the mechanism remained unclear. To investigate the influence of the 42 RRR 44 exosite patch on caspase-6 dynamics, we performed hydrogendeuterium exchange MS (H/Dx-MS) using our previously established protocol (30, 55) on a solution containing WT caspase-6 and lamin C. We were not able to detect any differences in the exchange of any peptides, probably due to technical complications ( Fig. S2 ). WT and the R42-44A and R44K variants were likewise subjected to H/Dx-MS. Sequence coverage for the three variants was excellent, with 94.2-96.0% of all residues observed in peptic peptides (Figs. S3-S5). As we have previously observed for WT caspase-6, the cores of each variant, which are formed of buried anti-parallel ␤-sheets, were highly protected, whereas the solvent-exposed active-site loops showed a high level of exchange (Figs. S6 -S8). Importantly, the similarity of these regions suggests that the core features of the caspase-6 variants are unchanged, and the variant enzymes are not critically perturbed.
The region spanning residues 33-48 showed a large change in the deuterium uptake in both the R42-44A and R44K variants ( Fig. 7, A and B) . Of the total possible deuterium uptake by their region, WT achieves only 11% deuterium uptake, suggesting that this region is shielded from exchange ( Fig. S6 ). In R44K, this region is much more highly exchanging, reaching a maximal uptake of ϳ31% ( Fig. S7 ). This suggests that the removal of this key evolutionarily conserved arginine allows for the increased dynamic flexibility of this region consistent with playing a stabilizing role in the caspase-6 structure. Moreover, when the tri-arginines 42 RRR 44 are mutated to alanine (R42- Changes in substrate processing of multiple proteins suggest they are engaging caspase-6 through a similar mechanism. Experiments were performed in triplicate. *, ** denotes 90 or 95% confidence interval by unpaired two-tailed t test of the variants individually compared with the WT.
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44A), we find an even more increased rate of deuterium uptake, 41% (Fig. S8 ). This suggests that all three arginine residues play key roles in mediating the solvent exposure of this region; however, the degree of exchangeable properties suggests that Arg-44 is the key residue involved in this interaction.
To gauge the statistical significance of the differences between the variants and WT, difference plots were generated by subtracting the D 2 O uptake parameters of the common peptic peptides of WT from the R42-44A or R44K variants (Fig. 7 , A and B) and mapped onto the caspase-6 structure ( Fig. 7 , C and D). Any peptides that were found to exchange in excess of error of the data sets (0.42 and 0.73 Da for R42-44A and R44K, respectively) were colored either blue (negative) or red (positive). The blue represents regions that exchange less in the variants than in the WT, whereas regions that appear in red exchange more in the variants. Consistent with observations from the uptake heatmaps, the region from 33 to 48 significantly exchanges more in the two variants ( Fig. 7 , F-J). Increases in deuterium uptake suggest that this region is less protected, which further suggests that the protein has undergone a change in conformation or become more dynamic (56) .
The 240's region (236 -246) is also more highly exchanging in the R42-44A or R44K variants than in WT ( Fig. 7L ). When the difference plots are mapped to the caspase-6 structure ( Fig. 7 , C and D), it becomes clear that the 42 RRR 44 exosite patch rests at the hinge point between the disordered NTD and the core of caspase-6. Moreover, the NTD lies across the caspase-6 dimer interface making clear contacts with the 240's region on the opposite half of the dimer. Altering the 42 RRR 44 patch leads to a dramatic increase in deuterium uptake in the 240's region. Given that the loop containing the 42 RRR 44 patch is more dynamic, a potential loss of contacts with the 240's region and increased exposure in that region is not surprising. Interestingly, the 240's region is moderately exchanging in WT caspase-6, indicating some degree of solvent exposure natively (Fig. S5 ). This observation suggests that the NTD may function as a lid, dynamically populating an open and a closed state, thus impacting the overall dynamics of the 240's region. The increased uptake upon substitution at the hinge of this lid (R42-44) increases the rate of opening and closing of the lid leading to a high rate of deuterium exposure both within the NTD and the peptides spanning from 236 to 246 ( Fig. 7, A, B , and L).
Finally, only in the R42-44A variant (Fig. 7, A and K) is the 130's region also more highly exchanging. The 130's region undergoes a helix-to-strand interconversion only observed in caspase-6 (30, 57) . Notably, these changes were not observed in the R44K variant (Fig. 7B ). The further unhinging of the NTD by concurrent removal of all three arginines within the 42 RRR 44 patch led to increased dynamics of the 130's region, suggesting the motions of the NTD influence the dynamic interconversion between the helix and strand. Overall, we find that the motions of the NTD may be key to uncovering how caspase-6 can bind and recognize its various protein substrates.
Charged tri-arginine 42 RRR 44 patch stabilizes caspase-6 with multidentate interactions
Based on available crystal structures and H/Dx-MS data, we hypothesized that alteration of the tri-arginine patch may play a role in the stability of caspase-6. To investigate the role of 42 RRR 44 in the stability of caspase-6, the three variants were analyzed for changes in thermal melting temperature by differential scanning fluorimetry in the presence or absence of the covalent active-site ligand Ac-VEID-cho. WT caspase-6 has a melting temperature of 73.8 Ϯ 0.1°C that increases to 79.3 Ϯ 0.06°C, a 5.5°C stabilization upon binding ligand (Fig. 8A ). R44K showed a melting temperature of 69.9 Ϯ 0.1°C, 3.9°C lower than relative to WT. Incubation with the Ac-VEID-cho inhibitor resulted in a 3.1°C stabilization to 73.0 Ϯ 0.07°C relative to the unliganded form ( Fig. 8B ). Consistent with the H/Dx-MS, which showed greater exchange and therefore greater dynamics, R42-44A showed a larger destabilization in the unbound state, 65.8 Ϯ 0.4°C, an 8.0°C decrease in stability relative to WT. Nevertheless, R42-44A was stabilized by 4.5°C stabilization upon binding active-site inhibitor (Fig. 8C ). The stabilization from 3 to 5°C upon binding the active-site ligand 
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suggests that all variants can form the canonical substratebound structure at the active site, which is consistent with observed core conservation through H/Dx-MS analysis (Fig. 7) and the superimposable kinetics for cleavage of peptide substrates (Fig. 4, A and B) .
Close inspection of the caspase-6 structure reveals the critical role of Arg-44 in stabilization by making numerous contacts with residues near the N-terminal loop (Leu-81 main chain, and Asp-112 side chain) and the C-terminal loop (Phe-289 main chain) (Fig. 8D) . Even in the conservative mutation R44K, replacing a guanidinium group with a primary amine ablates several points of potential contact (Fig. 8E ). In this model, we find Lys-44 in position to bind to only the main chain of Phe-289 ( Fig. 8E ). In addition, Arg-42 and Arg-43 are positioned to form multiple coulombic and H-bonding interactions with Asp-110 of the hinge region of caspase-6 ( Fig. 8D) . Substitution by alanine disrupts these contacts, likely leading to the large destabilization observed (Fig. 8F) . Together, the H/Dx-MS and differential scanning fluorimetry data suggest that the stabilization of the N-and C-terminal loops by the tri-arginine patch, Difference plots generated by subtracting the deuterium uptake profiles of common peptides of WT caspase-6 from peptides from either R42-44A (A) or R44K (B) variants. Regions depicted in blue (negative) are less exchanging in the variant than in the WT, whereas regions in red (positive) were more exchanging in the variant than in WT based on the error of the data sets Ϯ0.42 or Ϯ0.73 for the R42-44A or R44K based on the 98 and 95% confidence interval, respectively. C and D, exchange differences mapped to the structure of caspase-6 (predicted with MODELLER to incorporate all amino acids not visible in known structures (55)) of the R42-44A (C) or R44K (D) variants. E, relative deuterium uptake difference scale. F-L, important peptides identified as significantly different upon exchange compared with the WT peptides. Experiments were repeated on 2 different days. ⌬ indicates the difference, wherein the data from WT is always subtracted from the data from the indicated variant. In all cases, the caspase-6 variants are the ⌬N D179CT form.
most importantly Arg-44, is critical for the dynamics of caspase-6; moreover, this change in dynamics plays a key role in the mechanism by which the enzyme recognizes protein substrates.
Removal of the tri-arginine hinge disrupts caspase-6 protein-binding interface
Based on the crystallographic observation that the NTD crosses the dimer interface to interact with the 240's region (Fig. 9, A and B) , and evidence of a similar role for the caspase-7 NTD (21), we hypothesize that caspase-6 might utilize the NTD as bait to fish protein substrates out of the cellular milieu. This interaction could orient substrates for hydrolysis by the active site on the opposite side of the caspase-6 dimer. The fact that the exact regions engaged in contacts within the crystal structure are also represented by peptides in which the H/Dx-MS was dynamically altered by substitutions in the 42 RRR 44 patch no longer appear to be just a coincidence but evidence of the same phenomenon. Prior to this, the 240's region has been presumed to be simply crystal packing contact in some crystallographic space groups, not a biologically important interface. Close inspection reveals several buried hydrophobic interactions spanning the interface with a bulk of the interactions centered around the NTD (Asp-32, Pro-33, Ala-34, Lys-36, and Arg-44) and CTD (Phe-289, Pro-290, and Lys-291) of one dimer interacting with the far NTD and 240's regions (Lys-238, Tyr-239, Ser-241, and Ser-242) of another caspase-6 dimer in the tetramer (Fig. 9C ). Arg-44 appears to act as the base of the interaction, orienting the far CTD for the proper positioning to interact with the substrate. Distinguishing biological interfaces from crystal contacts is challenging, but computational resources such as PISA (58) often facilitate disambiguation. The identified caspase-6 interface generates a dimer of dimers, with a buried surface area of 3894 Å 2 and a total calculated ⌬G of Ϫ15 kcal/mol. Biologically relevant interfaces generally have functions as a hinge between NTD and core, stabilizing caspase-6. A-C, differential scanning fluorimetry was used to observe how substitutions in the 42 RRR 44 hinge impact the stability of caspase-6 (A), R44K (B), or R42-44A (C) in the unliganded state or liganded to the caspase-6 cognate inhibitor Ac-VEID-cho state. D-F, changes in the observed thermal stability may be attributed to sequential loss of interactions as side chains are removed. D, WT; E, 42 RRK 44 (R44K), and F, 42 AAA 44 (R42-44A). Models (E and F) were produced using the PyMOL mutagenesis wizard to demonstrate potential loss in contacts. In all cases the caspase-6 variants are the ⌬N D179CT form.
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a total buried surface area greater than 1500 Å 2 with ⌬G values less than Ϫ10 kcal/mol (59) . Thus, the peptides spanning from the NTD to the 240's region could represent a biologically relevant interface driving interactions of caspase-6 with substrates.
We designed a two-phased fluorescence polarization assay to determine the impact that disruption of the 42 RRR 44 patch has on the ability of caspase-6 to bind substrate proteins. It is important to note that when an enzyme uses an exosite, by definition its substrate must necessarily contain a corresponding exosite. In this particular experiment, the enzyme exosite and the substrate exosite comprise the same region (Fig. 9, A  and B) . In the first phase of the experiment, we used WT caspase-6 as the substrate as it would present a properly folded substrate exosite. FITC-labeled caspase-6 FL (active-siteinactivated C163S to prevent cleavage) incubated with increasing concentrations of unlabeled caspase-6 FL showed a K D of 379 nM (Fig. 9, D and F) . Similarly, when the labeled R42-44A or R44K FL variants were incubated with increasing concentrations of the unlabeled WT caspase-6 FL, they showed statistically similar K D values of 999 and 420 nM, suggesting that one intact 42 RRR 44 patch may be sufficient to mediate a strong interaction. In the second phase of the experiment, both the enzyme and substrate exosites have been replaced. Unlabeled R42-44A or R44K were titrated into labeled R42-44A or R44K ( Fig. 9E ) and showed dramatic increases of K D at 2153 or 6344 nM for R42-44A or R44K, respectively (Fig. 9F ). Perturbation of all the exosite patches in the reaction profoundly disrupts caspase-6 protein binding, demonstrating the importance of the 42 RRR 44 region for substrate recruitment. These analyses suggest that interface mediated by the NTD and the 240's region identified through H/Dx-MS and observed in a number of crystal structures is critical for protein-protein interactions between caspase-6 and its substrates. Overall, the 42 RRR 44 patch plays a key role in mediating the dynamic contacts between the NTD, the CTD, and the 240's region, which serves as an extended exosite face for protein substrate recognition (Fig. 9A ).
Discussion
Precise and accurate control of each step during apoptosis could result in many therapeutic advantages. Understanding (58), containing large portions of buried surface area primarily consisting of buried hydrophobics. Residue label subscripts correspond to the chain of the crystal structure. D, fluorescence polarization assay of FITC-labeled caspase-6 C163S FL constructs of either the WT (black), R42-44A (white), or R44K (gray) variants incubated with the WT unlabeled protein as a substrate to assess K D apparent. E as in D except incubated with their respective unlabeled R42-44A C163S FL or R44K C163S FL variants. F, K D values of all labeled proteins incubated with the unlabeled WT substrate are not statistically significantly different, as compared to those incubated with R42-44A or R44K unlabeled proteins, which have a weaker K D value. In all cases, the caspase-6 variants are the ⌬N D179CT form.
Caspase-6 exosite for substrate recognition
the global regulatory network and functions of the caspases, the final arbiters of apoptosis, is key to this goal. Why some substrates are more efficiently recognized by individual caspases and how caspases distinguish their unique pools of substrates is an active area of investigation. The discovery of enzyme exosites (21, 22) , as well as substrate exosites (39) , opens the door to altering caspase activity by targeting either the enzyme or the substrate at an exosite.
Given the need for potent therapies for neurodegenerative disorders, we focused our efforts on the study of caspase-6, aiming to uncover an exosite on caspase-6 that has been predicted previously (38, 54) . We identified the 42 RRR 44 patch lying at the hinge between the caspase-6 core and disordered NTD, which functions as an exosite in recognition of many substrates. H/Dx-MS analysis uncovered a network connecting the NTD and 240's regions, which appears to function as a protein recognition interface. The fact that binding affinities for protein substrate were severely weakened when the 42 RRR 44 patch was compromised, while the intrinsic catalytic activity against peptide substrates and the H/Dx-MS rates for the core were not impacted, is consistent with the function of this region being an exosite.
The exosite centered at 42 RRR 44 shares characteristics with exosites identified in proteases, including thrombin (60, 61), the cathepsin family (62, 63) , and ␤-secretase (BACE) (64), as well as in kinases (65) that enable recruitment of protein substrates. Exosite compositions in various enzymes differ based on their intended substrates. Although some exosites are described primarily as being composed of hydrophobic interactions, others critically involve charged patches. The level of hydrophobicity in cathepsin exosites has been described as the distinguishing factor in the altered specificities between family members (63) . Thrombin uses two separate electropositive exosite patches. Exosite 1 (residues Phe-34, Ser-36, Leu-65, Tyr-76, Arg-77, Phe-82, and Lys-110) is less charged, has more hydrophobic residues, and influences binding to substrates like fibrinogen (66) and PAR-1 (67) . Na ϩ binding to exosite 1 enhances catalytic activity (60, 68, 69) . Thrombin exosite 2 (Arg-93, Arg-97, Arg-101, Arg-233, Lys-236, and Gln-239) is highly positively charged and is used to engage substrates like heparin (60, 70) . The exosite discovered on caspase-6 features residues within the NTD and spans the dimer interface interacting with the 240's region (Asp-23, Pro-33, Ala-34, Lys-36, Arg-44, Lys-238, Tyr-239, Ser-241, Ser-242, Phe-289, Pro-290, and Lys-291). These residues comprising the exosite on caspase-6 share a similar composition to exosites in other proteases. Caspase-6 also contains a stretch of amino acids 24 AFYKREMF 31 , which is unresolved in all caspase-6 structures, and which we previously identified as being intrinsically disordered and thus likely to participate in protein-protein interactions (55) . Intrinsically disordered domains often bind partners with high specificity but low affinity due to the transient and reversible nature of their folding (71) (72) (73) . These characteristics are consistent with the binding and release properties required by the caspase family for rapid substrate processing.
Together, these data suggest a model for how substrate is initially recognized by caspase-6. Prior to substrate binding, caspase-6 exists in a dynamic equilibrium between the helical and strand conformations in the 130's region. Our data suggest that the dynamics of the NTD surrounding the 42 RRR 44 patch is coupled to the conformation of the 130's region. Early interactions between substrate and the 42 RRR 44 exosite promote rapid, proximity-mediated formation of the ES complex that locks caspase-6 into the canonical strand conformation (Fig. 10) . When the 42 RRR 44 exosite is disrupted, we observe a weakening of K m due to the loss of early interactions with the 42 RRR 44 exosite. Additionally, it is intriguing that POOL predicts distal residues Arg-44, Cys-113, Cys-116, and Lys-156 for the strand conformation but not for the helical conformation. This suggests that the distal region has strong couplings between protonation events, a hallmark of biochemical activity, but only in the strand conformation. These interactions modulate reversible substrate-binding and/or dynamical processes that contribute to substrate recognition and catalysis. In the helical conformation, these interactions are disrupted (74, 75) . Substitution of the NTD exosite in caspase-7 (22) showed similar impacts on K m . Notably, the least conserved region of caspases is the N-terminal region. Based on our work and the work of others, it appears that differences in sequence and length of the NTD in caspases is responsible for tuning interactions with protein substrates, both substrates that are common to multiple caspases and those unique to a single caspase.
In addition to its role as an exosite, the caspase-6 NTD contributes to the mechanism of zinc-mediated caspase-6 inhibition through a binding site composed of Lys-36, Glu-244, and His-287 (76) . Although it was clear that zinc binding locked caspase-6 into the helical conformation, which only caspase-6 can attain (52, 57) , the molecular details for how zinc promoted the helical state was unclear. Prior to now, we could only hypothesize that changes in the dynamics upon zinc binding lead to the helical state. In this work, we observed that alterations to the 42 RRR 44 patch led to an increase in the dynamics of the 130's region in caspase-6 suggesting that perhaps the unique helical state is coupled to the dynamics of the NTD, thus offering an explanation as to how distal zinc binding near our identified interface is able to mediate the forced helical state of caspase-6.
These data on caspase-6 also shed light on two long-standing mysteries surrounding an alternatively spliced variant, caspase-6B. Caspase-6B lacks residues 14 -103 spanning the NTD. Although caspase-6B has an intact catalytic dyad (His-144 and Cys-163), it is intrinsically inactive and can bind and directly inhibit the activation of procaspase-6 to its mature and active state (77) . Our data suggest that the dynamics of the NTD are coupled to the 130's region, which governs the transition to and from the natively inactive helical conformation. As caspase-6B lacks the NTD, this could result in a strictly helical and thus inactive enzyme. The binding interface between caspase-6 and caspase-6B has not been identified. Given that the NTD is missing from caspase-6B, it seems likely that the interaction is centered in the small subunits of caspase-6 and caspase-6B. Our data show that the 240's region is critical for protein binding, a region wholly maintained within the small subunit of caspase-6B. Therefore, it is tempting to speculate that this region of the protein-binding exosite we have identified (Fig. 9A) is Caspase-6 exosite for substrate recognition also the platform mediating the interactions of caspase-6 with caspase-6B.
In summary, our study has identified a bona fide exosite on caspase-6. The importance of the exosite to caspase-6 function cannot be understated, as clearly emphasized by the investigation into the cancer mutation R44K (37) . Minor alterations in charge critically disrupt caspase-6 recognition and turnover of all protein substrates, which could ultimately contribute to progression in disease. The tri-arginine patch plays a key role in stabilizing and mediating the dynamics of the NTD, which was directly observed to impact the extended exosite of caspase-6. Further investigation of the disordered NTD outside of the triarginine hinge may reveal that different proteins engage different subsections of the full exosite (Fig. 9A) , similar to the way substrates interact with enzymes such as thrombin or cathepsin. Moreover, identification of this protein-binding interface provides a whole new region distal from the active site to tune the activity of this enzyme against select substrates while main-taining its crucial enzymatic activity (Fig. 4, A and B) . This study furthers the narrative that caspases are utilizing distal, exositebased interactions to recruit their protein substrates and provides evidence in favor of an intra-dimer protein substrate recruitment model. With this discovery of an exosite on a new caspase, it seems clear that other caspases engage in similar interactions to tune and promote protein substrate recognition. Further investigation into the nonconserved NTD of this family of enzymes is certainly warranted.
Experimental procedures
DNA expression constructs
The WT caspase-6 C-terminally His 6 -tagged human Escherichia coli optimized gene was synthesized (Celtek Bioscience) by ligation into the NdeI/BamHI sites of pET11a (52). The construct was used in both the FL C163S active-site knockouts and the constitutive CT construct (52) . The exosite knockout (R42- Figure 10 . Model of caspase-6 protein substrate recognition. In the mature state, caspase-6 dynamically interconverts between the unique helical conformation and the canonical strand conformations (blue) (30) . Herein, we propose, consistent with other models, that the intrinsically disordered NTD of caspase-6 fishes for protein substrates within the context of the cell, utilizing the unique sequences and charges of the domain to tune protein substrate recognition (green). The intrinsically disordered domain of caspase-6 is likely binding to the disordered domains of the substrate proteins (21, 55) . The NTD orients the protein substrate, facilitating formation of the enzyme-substrate complex, by docking with the protein-binding interface of caspase-6. This step also coincides with the transition to the obligate strand state, which is required for enzymatic processing (red). Once assembled, chemistry proceeds producing cleaved product (yellow), wherein the remaining substrate is released allowing transition back to the dynamic resting state of mature caspase-6 (blue). Substitutions of the exosite at 42 RRR 44 are not proposed to affect the dynamic resting state of caspase-6, as it will still undergo helix-to-strand transitions, albeit at a different rate (blue) (Fig. 7A ). However, upon substrate recruitment (green) and transition into the ES complex (red), the substitutions at the exosite of caspase-6 impact the dynamics of the NTD (Fig. 7) , unhinging it, leading to perturbations of the protein docking face of the enzyme (Fig. 9, B and C) and the decreased rate of full substrate engagement, observed indirectly through the increased K D apparent of substrate binding (orange) ( Fig. 9, D-F) . Once the ES complex is successfully assembled (red), chemistry will proceed as expected (Fig. 4, A and B) leading to product formation (yellow) and back to the resting state of caspase-6 (blue).
Caspase-6 exosite for substrate recognition
44A) and cancer mutation (R44K) were made in both the FL active-site knockout and CT constructs using QuikChange mutagenesis (Agilent Technologies).
Caspase evolutionary conservation assessment
All caspase sequences (caspase-1-10 and caspase-14) were curated from the database CaspBase.org (40) . The database contains 2879 verified sequences spanning 10 phyla, 26 classes, and 353 taxa. Each individual caspase, covering all verified sequences ranging from 10's to 100's of sequences of that specific enzyme, was aligned using Clustal Omega. The resulting multiple sequence alignments were analyzed using ConSurf. As recommended, greater than 10 verified sequences were used to maximize the quality of the corresponding conservation results. First, the conservation scores were generated and overlaid onto the previously generated multiple sequence alignments to provide perspective of the site-specific conservation between each enzyme. Second, all verified human caspase sequences were aligned using Clustal Omega and then analyzed for conservation with ConSurf. The resultant data were also mapped to the caspase-6 sequence to provide perspective of site-specific conservation between caspase-6 and all human caspases.
POOL
The computational method POOL was used to predict the residues in various caspase-6 structures that are important for biochemical function. Caspase-6 structures were picked based on the observed conformational state, either the helical state: PDB code 2WDP (78), PDB codes 3K7E and 3QNW (79) , and PDB code 4FXO (76) or the strand state: PDB codes 3P45 and 3NR2 (80), PDB code 4IYR (81), PDB code 3OD5 (80), and PDB code 3P4U. POOL is a machine learning, monotonicity-constrained multidimensional isotonic regression method that predicts the residues of all types in a given protein structure that are catalytically important (47, 48) . This method can accept multiple types of input features. For this analysis, THEMATICS (82) metrics and the structure-only version of ConCavity (83) were used. THEMATICS (THEoretical Microscopic Anomalous TItration Curve Shapes) is a functional site prediction method that identifies only the ionizable side chains of amino acid residues in a protein 3D structure that exhibit unusual electrostatic properties. The method generates theoretical titration curves by calculating the electrostatic potential function and the average charge of each ionizable residue as a function of pH. If these titration curve shapes are perturbed from the normal Henderson-Hasselbalch sigmoid form (84) , the corresponding residue is scored as being likely to be catalytically important. The conceptual basis for THEMATICS is that local sites involved in catalysis and/or reversible binding are characterized by strong coupling between protonation events. Because THEMATICS makes predictions based on only ionizable residues, POOL uses electrostatic data from THE-MATICS to calculate environment variables for amino acids of all 20 types in the protein structure; these environment variables correlate with functional importance. In addition, POOL can incorporate input features from ConCavity, which looks at the overall topology of a protein structure and scores pocket areas where a substrate/ligand could bind using structurebased geometric features. POOL takes the structure of a given protein as its input and generates a rank-ordered list of residues important for catalysis in that protein based on the combination of these methods. From this list, the top 12% of predicted residues were used in further analysis.
Caspase cleavage of peptide substrates
Caspase-6, R42-44A, and R44K CT were assayed as follows: each enzyme was diluted into a 125 nM stock buffer containing 1ϫ Caspase Cleavage Buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 0.5% CHAPS, 1 mM EDTA, and 10 mM DTT). Substrate titrations were performed with a final concentration of 100 nM enzyme and 0 -400 M N-acetyl-Val-Glu-Ile-Asp-amc (Ac-VEID-amc; 7-amino-4-methylcoumarin) (Enzo Life Sciences). Fluorescence of cleaved coumarin was measured in a Spectramax M5 spectrometer (Molecular Devices) at excitation 365/ emission 495 nm over a 7-min time course sampling every 13 s. Assays were performed in duplicate on 3 separate days in 100-l volumes in a 96-well microtiter plate. Resultant data were analyzed using Prism 5 (GraphPad Prism) to fit initial velocities versus the concentration to determine kinetic parameters of K m and V max values. Concentrations of caspase constructs were accurately determined utilizing an active-site titration with the quantitatively-reacting, covalent peptide inhibitor mimetic N-acetyl-Val-Glu-Ile-Asp-cho (Enzo Life Sciences). Inhibitors were diluted and incubated with 90 l of enzyme in a series from 0 to 300 nM inhibitor and 100 nM expected final concentrations for 1 h at room temperature in 1ϫ Caspase Cleavage Buffer. After 1 h, 90 l of the labeled enzyme was assayed with 10 l of a final concentration of 100 M N-acetyl-Val-Glu-Ile-Asp-amc in a Spectramax M5 spectrophotometer. The plot of relative fluorescence units/s versus enzyme concentration allows assessment of the lowest concentration of inhibitor capable of full inhibition of the enzyme, where Y ϭ 0. This value is taken as the total enzyme concentration. We find this active-site titration to be more accurate than the estimation of caspase concentration by A 280 , which may under-/overestimate the caspase concentration due to contamination of other proteins in the preparation. These values are used to calculate concentrations of enzyme in stock solution used for future enzymatic assays and for calculation of k cat .
Caspase cleavage of protein substrates
Assessment of caspase activity was performed in two ways, as a time course and as a dilution series. For the time-course assessment, caspase-6, R42-44A, and R44K were diluted into assay conditions with a final concentration of 1ϫ Caspase Cleavage Buffer and 100 nM enzyme. Full-length uncleaved caspase-6 as a substrate was incubated at 5 M at 37°C and sampled at times 0, 5, 15, 30, 45, and 60 min. Samples were diluted in SDS-PAGE loading dye, Laemmli buffer (New England Biolabs), and boiled at 95°C for 10 min to stop the cleavage reaction at each time point. Samples were loaded into a 4 -20% gradient gel (Bio-Rad) and electrophoresed at 170 V for 50 min. Gels were quantified using Image Lab software (Bio-Rad) and plotted with Prism 5 (GraphPad Prism).
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Analysis by dilution series was also used. Hydrolysis of lamin C as a substrate was performed by titrating each caspase variant from 25 to 0 M using a 2-fold serial dilution of enzyme. The concentration of lamin C was held constant at 2.5 M. The mixtures were incubated at 37°C for 4 h, upon which the samples were diluted with SDS-PAGE loading dye, Laemmli buffer, and boiled at 95°C for 10 min to stop the cleavage reaction. Samples were loaded into a 4 -20% gradient gel and electrophoresed at 170 V for 50 min. Gels were quantified using Image Lab software, and the data were analyzed using Prism 5. Data were fit to a one-phase decay to find the CF 50 (cleavage fraction 50, where 50% of the substrate protein was cleaved). CF 50 was used to calculate the hydrolysis rate in M Ϫ1 s Ϫ1 , from the equation k ϭ ((Ϫln(P))/(E⅐t), where k is the hydrolysis rate; P is the portion of the portion or the fraction cleaved (50%, 0.5); E is the concentration at which the CF 50 is achieved in M, and t is time in seconds. Resultant data were compared with the WT caspase-6 and analyzed with an unpaired two-tailed t test to the 90 and 95% confidence intervals to determine statistical significance. Assays were performed in triplicate on 3 separate days.
Caspase kinetic cleavage of protein substrates in human whole-cell lysates
Whole-cell lysates were isolated from SK-N-AS neuroblastoma cells (ATCC). Briefly, cells were grown to ϳ70 -90% confluency in a T175 cm 2 flask in Dulbecco's modified Eagle's medium (Gibco, ThermoFisher Scientific) supplemented with 10% fetal bovine serum (HyClone), 1% Glutamax (Gibco, Ther-moFisher Scientific), 1% minimum Eagle's medium non-essential amino acids (Gibco, ThermoFisher Scientific), 1% sodium pyruvate (Gibco, ThermoFisher Scientific), and 1% penicillin/ streptomycin (Gibco, ThermoFisher Scientific). Upon reaching confluency, cells were washed two times with 1ϫ PBS (Gibco, ThermoFisher Scientific) and incubated with 3 ml of sterile filtered 1ϫ Triton X-100 lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100) and 1ϫ Halt Protease/Phosphatase inhibitor mixture (Pierce, ThermoFisher Scientific) with constant rotation at 4°C for 25 min. Lysates were extracted and clarified for 30 min at 16,000 ϫ g at 4°C then snap-frozen in liquid nitrogen and stored until use. For use, lysates were thawed on ice, and the total concentration of protein in the cell lysates was measured using a bicinchoninic acid assay (BCA) (Pierce, ThermoFisher Scientific). A standard curve of BSA was diluted in 1ϫ Triton X-100 lysis buffer, and the assay was performed by using the manufacturer's protocol. Assay absorbance was measured at 562 nm using a Spectramax M5 spectrophotometer in a 96-well clear bottom plate (Corning Inc.). 300 g of total protein was diluted into 1ϫ Caspase Cleavage Buffer with a final concentration of 10 mM DTT and 100 nM caspase and brought to a final volume of 500 l. Samples were incubated at 37°C and sampled at times 0, 0.5, 1, 3, and 6 h. Samples were diluted with SDS-PAGE loading dye and Laemmli buffer (New England Biolabs) and boiled at 95°C for 10 min to stop the reaction. Samples were stored at room temperature for no longer than 24 h prior to analysis by Western blotting. Independent assays were repeated on 3 separate days. Blots were quantified using the Image Lab software (Bio-Rad) and normalized to the loading control ␤-actin. Loading control nor-malized values from all assays were set to a 1-100 scale using Prism 5 (GraphPad Prism). Resultant data were compared with the WT caspase-6 data set using an unpaired two-tailed t test at the 90 or 95% confidence intervals.
Caspase titration for cleavage of protein substrates in human whole-cell lysates
For DVL3 hydrolysis, rather than performing a kinetic assay, a titration of caspase was performed with whole-cell lysates prepared as described above. Caspases were diluted in a 2-fold serial dilution from 250 to 0 nM in a final concentration of 1ϫ Caspase Cleavage Buffer. 30 g of total protein was added to the serial dilution to bring the final volume of the reactions to 15 l. Samples were incubated at 37°C for 1 h and then immediately boiled at 95°C for 10 min with 5 l of SDS-PAGE loading dye and Laemmli buffer (New England Biolabs) to stop the reaction. Samples were stored for no longer than 24 h prior to analysis by Western blotting. Independent assays were repeated on 3 separate days. Blots were quantified using the Image Lab software (Bio-Rad) and normalized to the loading control ␤-actin. DLV3 data were further analyzed by a one-phase decay as described above to calculate the hydrolysis rate of the three enzymes. Data for caspase-6 variants were compared with WT caspase-6 to determine statistical significance using an unpaired two-tailed t test at the 90 or 95% confidence intervals.
Immunoblotting
Samples were loaded so that the same total volume of lysate was added into each well of a 4 -20% gradient gel (Bio-Rad) and run at 170 V for 50 min. Samples were transferred to a polyvinylidene difluoride membrane (Millipore). After transfer, blots were sliced into the appropriate molecular weight ranges to probe for specific proteins and subsequently blocked using OneBlock Western-CL blocking buffer (Genesee Scientific). Blots were probed with the following primary antibodies, also diluted in OneBlock (note: all antibodies were rabbit anti-human): anti-PARP (Cell Signaling catalog no. 9532); anti-lamin A/C (Cell Signaling catalog no. 2032); anti-DJ-1 (Cell Signaling catalog no. 5560); anti-␤-actin (Cell Signaling catalog no. 4970); and anti-DVL3 (Cell Signaling catalog no. 3218). Incubation with the primary antibody proceeded overnight at 4°C with constant rotation. Blots were washed with 1ϫ TBST three times for 5 min each and then probed with secondary goat antirabbit antibody (Jackson ImmunoResearch catalog no. 111-035-144) at 1:20,000 dilution for 1 h 15 min at room temperature. Blots were incubated with ProSignal Femto ECL Reagent (Genesee Scientific) for 2-3 min at room temperature and imaged using the ChemiDoc MP Imaging System (Bio-Rad). Blots were quantified using the Image Lab software (Bio-Rad) and normalized to the ␤-actin loading control.
H/Dx-mass spectrometry
Our H/Dx analyses were performed as reported previously with minor modifications (30, 55 ) for a 10-min gradient ranging from 0.1% formic acid to acetonitrile (7 min, 5-35%; 1 min, 35-85%; 2 min hold 85% acetonitrile) at 40 l/min at 0°C. Fragments were mass-analyzed using the Synapt G2Si ESL-Q-ToF mass spectrometer (Waters Corp.). Between injections, a pepsin-wash step was performed to minimize the previously determined caspase-6 peptide carryover. Mass and collision-induced dissociation in data-independent acquisition mode (MS E ) and ProteinLynx Global Server (PLGS) version 3.0 software (Waters Corp.) were used to identify the peptides in the undeuterated mapping experiments and analyzed in the same fashion as H/Dx experiments. Mapping experiments generated from PLGS were imported into the DynamX version 3.0 (Waters Corp.) with quality thresholds of MS 1 signal intensity of Ն5000, maximum sequence length of 25 amino acids, minimum products per amino acid of Ն0.1. Automated results were inspected manually to ensure the corresponding m/z and isotopic distributions at various charge states were assigned to the appropriate peptide. DynamX was utilized to generate the relative deuterium incorporation plots and H/Dx heat map for each peptide. The relative deuterium uptake of common peptides was determined by subtracting the weighted-average mass of the centroid of the undeuterated control samples from the deuterated samples at each time point. All experiments were made under the same experimental conditions negating the need for back-exchange calculations but therefore are reported as relative (56) . All H/Dx experiments were performed twice, on 2 separate days, and a 98 and 95% confidence limit of uncertainty was applied to calculate the mean relative deuterium uptake of Ϯ 0.42 or 0.73 for the R42-44A or R44K datasets, respectively. Mean relative deuterium uptake thresholds were calculated as described previously (86) . Differences in deuterium uptake that exceeded the error of the datasets were considered significant.
Thermal stability analysis by differential scanning fluorimetry
The thermal stability of each caspase and respective variants was measured in the presence and absence of 3ϫ molar excess of inhibitor N-acetyl-Val-Glu-Ile-Asp-aldehyde for 1 h at room temperature. Caspases were subsequently incubated at 8 -10 M in caspase-6 activity assay buffer (100 mM HEPES, pH 7.5, 100 mM NaCl, 0.1% CHAPS, 10% sucrose, 5 mM DTT) in the presence of 5ϫ SYPRO Orange dye (Sigma). Stability was measured using a CFX Connect Real-Time PCR detection system (Bio-Rad). Reactions were 50 l in a 96-well plate. Fluorescence intensity was recorded at increasing temperatures at 0.5°C intervals from 25 to 95°C. Thermal melting points (T m ) values were calculated by Boltzmann sigmoidal curve-fitting analysis using Prism 5 (GraphPad) software, where V 50 is equal to the T m .
Fluorescence polarization
Fluorescence polarization protocol was adapted from Ref. 39 . Caspase-6 C163S FL active-site knockout and variants R42-44A/C163S (R42A/R43A/R44A/C163S) and R44K/C163S were exchanged via filtration into a buffer containing 100 mM carbonate buffer, pH 9.0, 200 mM NaCl using Nap-5 (GE Healthcare) desalting columns, and then incubated with 20ϫ molar ratio of FITC (Sigma Millipore) for 2 h at room temperature with constant stirring. After labeling, the enzymes were exchanged into a minimal buffer containing 50 mM Tris, pH 8.0, 200 mM NaCl by Nap-25 (GE Healthcare). Exchanged proteins were filtered through a 10,000 MWCO Amicon spin filter (EMD Millipore) to remove residual free fluorophore. 20 l of the FITC-labeled caspase variants at 250 nM were added to 80 l of a 2-fold serial titration containing the substrates of interest to achieve a 30 to 0 M final concentration. Proteins were incubated at 37°C and imaged every 15 min in a Spectramax M5 spectrometer (Molecular Devices) at excitation 495/emission 519 nm until equilibrium was reached. Data were analyzed using Prism 5 (GraphPad Prism) and fit to a Boltzmann sigmoidal equation to identify the K D apparent value of the interaction.
Caspase-6 expression and purification
Plasmids encoding human caspase-6 and all variants were transformed into BL21(DE3) E. coli cells. Single colony was picked and placed into a flask containing 50 ml of Lennox Broth (LB) media with ampicillin (100 g/ml, ThermoFisher Scientific) to make a seed culture. Culture was grown overnight at 37°C until dense. Large cultures were inoculated with 2-3 ml of dense seed culture and grown in 1000 ml of LB media with ampicillin (100 g/ml, ThermoFisher Scientific) at 37°C until they reached an OD 600 of 0.6. The temperature was reduced to 20°C, and cells were induced with 1 mM IPTG (Gold Biotechnology) for 3 h to express soluble proteins. Cell pellets were stored at Ϫ80°C, freeze-thawed, and lysed in a microfluidizer (Microfluidics, Inc.) in a buffer containing 50 mM Tris, pH 8.5, 300 mM NaCl, 5% glycerol, and 2 mM imidazole. Lysed cells were centrifuged at 27,000 rcf to remove cellular debris. The supernatant was loaded onto a 5-ml HiTrap nickel-affinity column (GE Healthcare). The column was washed with a buffer of 50 mM Tris, pH 8.5, 300 mM NaCl, 5% glycerol, and 50 mM imidazole. Caspase-6 was eluted with a step gradient to 300 mM imidazole. The eluted fraction was diluted 6-fold into a buffer containing 20 mM Tris, pH 8.5, and 2 mM DTT to reduce the salt concentration. This protein was loaded onto a 5-ml HiTrap Q Caspase-6 exosite for substrate recognition column (GE Healthcare). The column was developed with a linear NaCl gradient. Protein eluted in 120 mM NaCl and was assessed for purity by SDS-PAGE and stored at Ϫ80°C in elution buffer.
Lamin C expression and purification
Plasmids encoding human lamin C were transformed into BL21(DE3) E. coli cells. Cultures were grown in LB media with ampicillin (100 g/ml, ThermoFisher Scientific) at 37°C until they reached an OD 600 of 0.6. The temperature was reduced to 18°C, and cells were induced with 0.1 mM IPTG (Gold Biotechnology) for 15 h to express soluble proteins. Cell pellets were stored at Ϫ80°C, freeze-thawed, and lysed in a microfluidizer (Microfluidics, Inc.) in a buffer containing 100 mM phosphate, pH 8.0, 100 mM NaCl, and 2 mM imidazole. Lysed cells were centrifuged at 27,000 rcf to remove cellular debris. The supernatant was loaded onto a 5-ml HiTrap nickel-affinity column (GE Healthcare). The column was washed with a lysis buffer. Lamin C was eluted with a shallow gradient over 60 min to 300 mM imidazole. The eluted fractions were pooled and diluted 6-fold into a buffer containing 20 mM Tris, pH 8.0, 1 mM EDTA, and 2 mM DTT to reduce the salt concentration. This protein was loaded onto a 5-ml HiTrap Q column (GE Healthcare). The column was developed with a linear NaCl gradient. Protein eluted in 320 mM NaCl and was assessed for purity by SDS-PAGE. Fractions containing lamin C were pooled and concentrated to 1 ml using the Amicon Ultra-15 10,000 MWCO spin filter (Millipore). Proteins were loaded onto a 26/600 Superdex 200 pg column (GE Healthcare Inc,) and eluted at 2 ml/min in sizing buffer containing 20 mM Tris, pH 8.0, 100 mM NaCl, 2 mM EDTA, 5% glycerol, and 2 mM DTT. Fractions containing lamin C were eluted at ϳ90 min/180 ml and were assessed for purity by SDS-PAGE. Protein was aliquoted and stored at Ϫ80°C in sizing buffer.
